Magnetic drug targeting can be used for locoregional cancer therapy, although the limitation is minuteness of the induced force. A new and simple procedure to enhance the magnetic force is changing the shape of carrier particles. It has been mathematically proved that exerting much stronger magnetic dipoles to nanowires are more possible than to spheres with the same volume. The magnetic dipole of wires having aspect quotient (ratio of length to diameter) of 3 is higher than the spheres of the same volume. Nanowires with α = 5 have magnetic dipoles 1.95 times greater than spheres with the same volume. At a fixed radius, the magnetic dipole increases with volume of the drug carrier. Magnetic targeting depth is an important parameter depending on the aspect quotient α of particles. Calculations show that the depth of targeting can exceed 8.5 cm if a nanowire with 15 nm radius and length larger than 150 nm is used as the drug carrier. This depth is 1.7 times more than that reported by previous authors for spherical particles with the same-volume.
Introduction
These days, an important desire of researchers is to deliver medicine to the exact disease tissues. For instance, chemotherapy is a contemporary therapy in which less than 0.1% of the medicine is absorbed by the tumor cells; while the remaining (99.9%) affects healthy cells 1 . Magnetic drug targeting (MDT) is of the newest innovated methods to help treatment of a localized disease such as cancerous tumors. Ideal MDT treatment is based on binding the drug to magnetic particle or such a similar method for linking drug to the magnetic nanoparticles, and then magnetic particles are injected into the bloodstream at an appropriate location. Careers go towards the disease tissues. Externally-applied magnetic forces push the careers to extract from streams and enter to the tumor tissues. These careers are activated by pH, temperature, enzyme or a magnetic trigger 2 which requires to control the motion of magnetic particles in body by magnetic actuators (Fig. 1 ) 3 .
After injection of therapeutic magnetic particles into the patient's bloodstream, external magnets will conduct the particles towards the tumor locations [4] [5] [6] [7] [8] , blood clot 9 , or infection 10, 11 . Magnetic-fields are much more convenient than light, electric-field and ultrasound 12, 13 to control motion of the therapeutics inside the body on the grounds of their depth of penetration for deep tumors therapy. Also, magnetic fields can be applied with strength of 8T for adults and 4T for children in DC type without any problem [14] [15] [16] .
Todays, MDT in cancer therapy is limited to superficial tumors 5, 17 . . A targeting depth of 5cm has been examined in human body using magnetic particles of 100nm size as the carriers and magnetic field of 0.2-0.8 T 24, 30 . Moreover, targeting depth has increased to 12cm in animal experiments with larger carriers (500nm-5 mm) and 0.5 T magnetic field 25 .
One of the important parameter in targeting depth is particle size. When MDT is used, it should be considered that the particles must be smaller than 600 nm to have ability to be extracted from blood vessels towards tumor tissues [31] [32] [33] [34] [35] [36] and even be smaller than the mentioned size to be hidden from phagocyte system because large particles are removed by this system very fast. Researches show that particles with 100 nm size would be in blood stream for about 30 min and hence it should be extracted from blood vessels before this time 37, 38 . Another thing that should be considered is the magnetic force to be small on small particles, since it increases with particles volume increase in a direct relation 39 . According to this statement, if particle size decreases ten times, the magnetic force will decrease one thousand times. Hence, with a high magnetic field (e.g. 41T) and high magnetic fields gradient (e.g. 0.5 T/cm) the force would be in the range of piconewtons [39] [40] [41] [42] .
Therefore, it is needed to know which location is able to be reached by MDT 7 . Maximum depth of targeting being attained in human body is 5cm 24, 38 . Therefore, increasing depth of magnetic targeting is still a challenging desire for tumor therapies [43] [44] [45] . This is why we chose our goal of this study basically upon the increasing of applicable magnetic forces plus the magnetic drug catching depths.
To achieve this goal, we established a computational model for magnetic dipoles of nanowires and nanospheres and compared the obtained forces of magnetic particles for drug delivery. We showed that magnetic nanowires can induce magnetic forces as well as magnetic targeting depths much higher than that of spherical particles. The former, thus, can provide much better controllability for localized cancer therapy.
Mathematic model
To compute the magnetic dipole of a spherical nanoparticle we use the following equation 46, 47 :
Where , , χ and are magnetic dipole nanoparticle, radius of them, magnetic susceptibility, and the amplitude of the external magnetic-field, repectively. The magnetic force of the spherical particle of Eq.1-a is 47 :
In Eq.1-b, is magnetic force on the particle with magnetic dipole of from external magnetic-field of .
In order to calculate the magnetic dipole of a nanowire numerically, we firstly defined a cylinder and generated mesh on it to describe the model parameters. For this purpose, we divided the cylinder into discs and then divided every disc to a number of rings. The correlation between magnetization and magnetic current is as follows:
Where is the vector of magnetization, and is the magnetic current density. The boundary condition for Eq.2 is expressed as follows:
In which, is the surface magnetic curent density and is the vertical vector at wire surface.
For magnetic field intensity without free current, we have:
The relationship between magnetization and magnetic-field and linear magnetization with respect to is defined as:
The combination of (5) and (6) yields to:
Eq.4 and 6 yield to:
Now, we should calculate magnetic-field in every point of the wire. For this purpose, we have used superposition principal of vectors, like:
B other elements is the sum of all magnetic-fields that are generated with magnetized nanowire elements. Eq.10 shows B other elements components in the wire with considering Eq.2, 3 and 8:
B i is the magnetic field of superficial current for j th ring on the surface and p is the number of superficial rings.
In order to compute the magnetic field originated from surface current on the external surface of wires, the rings shown in Fig. 3 are considered. In this figure, r i and z i are radius and height of the ring on the external surface of the wire with superficial current density and r and z are the coordination of the point of interest to compute its magnetic field. In wire, we have three kinds of external surfaces: down, top and side. The surface current for all three surfaces are calculated as follows:
= − ( , ). ∆ .
= ( , ). ∆ .
According to Biot-Savart law, magnetic field of i th surface ring (B i ) in point (r, z) is expressed as follows:
In which, is the distance vector from every point on ring to point(r, z) and the integral is on the environment of the ring with center (0, z i ). For simplification, we write the following equation:
Then we can rewrite the Eq.14 according to the Eq.15:
From Eqs.10, 11, 12, 13 and 16, we have:
Where k is the number of the rings and ( , ) is the magnetic field in k th ring.
If we write the Eq.17 on radial and vertical directions, we will have:
( , ) = ( , ). ∆ . ( , , , ) + ( , 0). ∆ . , , , n rings of the wire, we will get 2n equations as n rings become magnetic on both vertical and radial directions and a specification matrix with size 2n×2n for magnetization of the wire.
Equation 22 shows relationship between the variables:
If we suppose B 0 =1 and solve the equations, we can obtain magnetization matrix for every B 0 such as follow:
Where is magnetization matrix for external magnetic field and is magnetization matrix for B 0 =1. The magnetic field of cylindrical magnet is expressed as The magnetic field gradient of a cylindrical magnet is expressed as:
With attention to the Eq.1-b, 24 and 25, the magnetic force is related to d as follow:
Considering the Eq.26, we can compare the depth of magnetic targeting according to:
Where d w and d s are the depth of magnetic targeting for wires and spherical particles, respectively. The parameters m w and m s are magnetic dipoles of nanowires and spherical particles.
Results and discussion
To compare the magnetization and the magnetic dipole of the spherical and the cylindrical nanoparticles, we use the corresponding parameters in a uniform unit magnetic field. Table   1 V is the volume of the spherical particle with radius r s . R and L are the radius and length of the corresponding nanowire. In Eqs.28, 29 and 30, it is assumed that the volume of the wire and the spherical particle are the same. Then, for all aspect ratios, radius and height of the wires were calculated.
As shown in Fig.5 , it is clear that increasing the susceptibility from 500 to 2000 has no influence on the vertical magnetization, being also the same for spherical magnetization.
Instead of materials with high susceptibility, we, therefore, chose materials with high saturation limit. This will result in more magnetization without saturation. Fig.6 shows that vertical magnetic dipole of the nanowires with respect to their volume is linear. Likewise, the magnetic dipole of spherical particles is linear. The slope of graphs increases as the aspect ratio increases. At α = 3, the behavior of wires and spheres is the same. More increase in the aspect ratio up to 5 retains the double magnetic dipole at a constant volume.
It is clear that magnetic dipole increases with α, directly; however, if α is more than 5 or 6, the mechanical solidity of wires will decrease. In this research, we can increase the magnetic dipole of the particles merely by changing their geometry. Comparing the magnetic dipole of a wire having α = 5 and radius =15 nm with a spherical particle of radius =15 nm, we found out that the magnetic dipole of the former is 15 times larger than that of the latter. This means that if we use a wire with specifications above, magnetic force will be 15 times greater than the corresponding spherical particle. When using nanowires, we can increase the volume without increasing their radius and simultaneously increase the magnetic dipole merely with α enhancement. These two specifications can be used to increase the depth of target and diffusion rate of the drug carrier particles toward the tumors without increasing the radius of particles. Fig.7 shows the magnetic dipole of nanowires and spherical particles as a function of susceptibility at different α ratios for radii 15, 30 and 50 nm. As was shown in the mentioned figures, the relationships for wires of α=3 are similar to the spherical particles while increasing the susceptibility of the magnetic materials above 500 has no independent influence on the magnetic dipole.
Conclusions
For in-depth magnetic drug targeting, the most important parameter is force which can be increased by magnetic dipole of the particles. For increasing the magnetic dipole of the particles, there two ways including (i) increasing volume of the particles and (ii) increasing the ratio of length to diameter of the particles. With spherical particles, the former way reduces the mobility of the particles. The volume of the particles have thus to increase without enhancement of their radius. This way is obviously not feasible. By employment of cylindrical particles having high aspect ratios this action is, however, possible. The magnetic dipole of the wires having an aspect ratio of 3 is equal to the spherical particles of the same volume. With aspect ratios larger than 3, the magnetic dipoles of wires are larger than the spherical particles of the same volume. Choosing an intersection radius of 15 nm and an aspect ratio of 5, we can attain magnetic dipole of 14.6 times larger than that of the spherical particle of the same radius. If we apply these parameters to the Eq.27, we will attain 70% deeper magnetic targeting than the spherical particles. This means that the geometry change has an increasing effect on the applied force as particle volume expansion does occur. Susceptibility 20 500 1000 1500 2000 Fig. 1 .Schematic view of magnets for directing MNPs in the human body 4 . Fig. 2 . Meshes schematically generated on wire. 
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